In South Africa, the need for water treatment is increasing, especially in the mining sector. As active water treatment technologies are expensive, the mining sector has an increasing need for passive water treatment technology, with low maintenance and operating costs, yet efficient water treatment ability. Literature on passive water treatment suggests that these systems only offer a narrow range of treatment capabilities. Therefore, hybrid water treatment systems could be a solution to low-cost water treatment in South Africa. The degrading packed bed reactor (DPBR) is one of the units comprising the hybrid treatment group. The DPBR's main action is to convert sulfates into sulfides and alkalinity, since this reduces the impact on the environment by increasing the pH and reducing the salinity. In this study, 6 small-scale DPBRs were constructed. Each was classified according to its unique organic source (manure, straw, vegetable food processing waste, wood shavings, chicken litter and a combined sample with layers of all the carbon sources). Synthetic acid mine drainage (AMD) was fed through the 6 bioreactors for a period of 3 months. Permeabilities, leachate samples and effective void volumes were measured from the DPBRs. From the experiments conducted, it was found that the manure and combination bioreactors (with equal layers of manure, straw, compost, wood shavings and chicken litter) had the lowest overall permeabilities, with straw and compost having the highest permeabilities. Linked to this, the experiments showed that the manure and combination bioreactors had the largest decreases in effective porosity with straw and compost having the least. Hydraulically, the combination bioreactor performed the best by incorporating the best attributes from each carbon source. Wood shavings preformed almost as well. Chicken litter clogged within 18 days after the initiation of the experiment and thus was the least effective substrate.
INTRODUCTION
In South Africa, the need for water treatment is increasing, especially in the mining sector. As active water treatment technologies are expensive, the mining sector is in need of a passive water treatment technology, with low maintenance and operating costs, yet efficient water treatment ability (Coetser et al., 2004) . Literature on passive water treatment suggests that these systems offer only a narrow range of treatment capabilities. Coetser, Molwantwa, Heath, and Pulles (2004) Hybrid water treatment systems could therefore be a solution for low-cost water treatment in South Africa (Johnson and Hallberg, 2002) .
Hybrid systems combine treatment processes from both active and passive water treatment systems, utilising the most suitable and cost-effective processes from each (Ávila et al., 2015) . Hybrid systems use a segmented approach to treat water and are tailor-made to treat a specific pollution cocktail by targeting a specific pollutant at a specific position in the treatment chain. Although such systems may have high initial capital expenditure (CAPEx) costs to set up the treatment chain, they can potentially save money on long-term operation and maintenance costs (Johnson and Hallberg, 2002; Ávila et al., 2015) .
In order for hybrid systems to become a widely used and trusted water treatment technology, existing knowledge gaps need to be addressed by research. Hybrid systems also need to be tested in pilot-and full-scale experiments (Gusek, 2008) before they system can be fully understood. There are numerous areas within the hybrid treatment system with very little or no information about them. These areas need to be studied and optimized.
A promising hybrid treatment technology is the degrading packed bed reactor (DPBR) (Pulles and Rose, 2002) . The DPBR's main action is to convert sulfates into sulfides and alkalinity. It achieves this by allowing sulfate-rich water to trickle through layers of different types of organic matter as shown in Figure  1 . The organic matter donates electrons to the sulfate-reducing bacteria (SRB), and thus the sulfates are reduced to sulfides. This chemical process is well documented by Blowes et al. (1994) and Greenan et al. (2006) and is summarized by Eq. 1 (Lee et al., 2014; Wu et al., 2013) .
Although the chemical process is well understood, the hydraulics of such a system remain unclear. The hydraulic processes occurring within a DPBR (or indeed any other reactor) are important to understand as they dictate the time available for reaction.
In order to maximise the remediation potential of the DPBR to treat impacted water, engineers and scientists need to understand the hydraulics behind the system. Polluted water is fed through a trickle system, onto the organic matter. The polluted water needs to remain in contact with organic matter 21 long enough for the reaction to take place, yet not too long for it to have cost implications. Porosity is one of the key drivers in DPBR hydraulic performance. Porosity (or void fraction) is the volume of the space in the reactor, i.e., the volume not occupied by the packing, within which the fluid can flow. As the porosity drops, the amount of possible space within the packing material is reduced; this in turn reduces the hydraulic performance.
A key term in understanding porosity is effective porosity (ϕ). "Effective porosity is defined as the ratio of the interconnecting pore volume to the total volume of the medium" (Bear, 1988 p 44) . Another less technical definition from Gibb et al. (1984) is that effective porosity is the number of pore spaces which allow water to move freely through the organic material. Over time, in the DPBR, biofilm growth as well as metal precipitation start reducing the effective porosity of the bioreactor as the biofilm grows into the void and, similarly, metals precipitate into the void.
Although there are numerous publications on the topic of porosity and various mathematical models aiming to predict the porosity of several materials, there is very little information on the porosities of organic materials. The limited research that has been done on the porosities and permeabilities of organic materials looks at flow and transport parameters in a woodchipbased bioreactor (Chun et al., 2009) . Chun and colleagues' research mainly focuses on a single, uniformly-graded organic material. Very little is known about the general permeability and porosity values of organic materials such as kraal manure, straw, vegetable food processing waste (compost), wood shavings, chicken litter and a composite sample consisting of equal layers of all of the above carbon sources (Pulles and Rose, 2002) , all of which could be used as packing within a DPBR.
The true value of the DPBR lies in its utilisation of waste material (the organic sources described above) to treat wastewater. The DPBR has numerous layers of these materials, placed on top of one another.
For design purposes, it is important to understand the flow rate through the DPBR; clogging of the bed could have significant impacts downstream of the process. It would be incorrect to design a DPBR for the initial flow through the multiple layers of organic materials because the multiple layers are of varying size, shape, packing and porosity (Cameron and Schipper, 2012) . One of the biggest parameters that influence the flow of water through constructed wetlands is clogging, and this effect also occurs in DPBRs (Yu et al., 2006; Guiping et al., 2013) . In recent years there has been more investigation into clogging in published research as a result of the importance of this phenomenon (Knowles et al., 2010) .
Guiping et al. (2013) The clogging phenomenon therefore contains large gaps in knowledge, which should be the focus for future research.
Clogging can occur through two broad methods: clogging by mechanical mechanisms and clogging through biological mechanisms. During clogging by mechanical mechanisms, solid particles such as metal precipitates in the treated water get lodged between the organic materials, reducing the organic materials' effective porosity. This process is also known as plugging (Iluita and Larachi, 2005) . Biological clogging occurs through the growth of biofilms. Biofilms grow naturally in most ecosystems where micro-organisms are found on solid surfaces. In unfavourable systems, biofilms tend to consist of a single layer of attached cells. However, in favourable environments biofilm growth tends to be more extensive (Van Loosdrecht and Heijnen, 1993) . The biofilm grows in and around the organic media in the DPBR, and thereby reduces its effective porosity and hydraulic efficiency.
To design a hybrid water treatment process, each step in the water treatment process should be fully understood. The DPBR has two clear knowledge gaps.
• Understanding the way that the organic layers and packing materials influence the porosity of the bed.
• At what point in time does the DPBR need to be repacked. This can be done by determining the length of time it takes for the carbon sources to clog the reactor and whether this occurs before or after the carbon in the bioreactor has been depleted. In this study, the permeabilities and porosities of the composite organic layers within the DPBR were determined and an indication of how quickly certain carbon sources clog was also obtained.
MATERIALS AND METHODS

Experimental setup
In the manufacture of the lab-scale, six 2 L measuring cylinders were utilized to act as the bioreactor's outer casing. Two Watson Marlow 120DM3 three-channel laboratory peristaltic pumps were used to feed the AMD into the bioreactors. PVC tubing was used to transport the AMD from the feed drum to the bioreactors. Marprene tubing was used within the peristaltic pumps as normal PVC hardens over time due to continual deformation in the peristaltic pump. A schematic of the experimental layout can be seen in Figure 2 and a rendered image of the experimental setup is shown in Figure 3 .
In the experiment, 5 bioreactors, each with their own carbon sources, were filled to the 1 200 mL mark. The 6 th bioreactor was filled with equal alternating layers of the first 
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5 carbon sources to the same total mark of 1 200 mL. The bioreactors were then filled with synthetic AMD to the same water level mark. The 5 carbon sources used were kraal manure, straw, vegetable food processing waste (compost), wood shavings and chicken litter. These reactors were not inoculated with any sulfate-reducing bacteria; rather they were left to acclimate on their own.
Synthetic AMD
A 25 L feed drum was filled with synthetic AMD. The synthetic AMD was based upon samples of actual AMD taken from the eMalahleni region, in the Mpumalanga coal fields. This source was chosen on the basis of the researchers having access to a real AMD. This reference AMD would be a useful guide to upscaling the lab data to a pilot plant should it ever be required. The artificial AMD samples were analysed and their chemical compositions were found to be:
• 3 100 mg/L sulfate • 208 mg/L iron • pH of 2.6
The AMD was made by adding FeSO 4 ·7H 2 O (100% pure, unopened bottle, Merck) and 97% sulfuric acid (Merck) to achieve the required Fe and SO 4 2-concentrations and the pH was adjusted by adding a 50% NaOH solution (Merck). This AMD is roughly representative of the mine-site AMD, within the natural variation found at the site.
Effective porosity
The effective porosity of each carbon source was calculated before the falling head permeability test experiment was started and once the falling head permeability test experiment was concluded. This was done to determine the effective porosity drop over the experimental lifespan. The effective porosity was determined by using the effective porosity equation, Eq. 2. 
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At the beginning of each experiment, the total volume of water up to the 1 200 mL mark was recorded as the bulk volume. Thereafter, the carbon sources were placed in the bioreactors up to the same 1 200 mL mark. Synthetic AMD was then poured from a 1 500 mL beaker into the bioreactor up to the 1 200 mL mark. The total interconnected voids were deduced from the amount of AMD which fitted into the bioreactor with the organic matter, to the marker point of 1 200 mL.
Falling head permeability tests
Once the experiments were set up and the initial effective porosities were determined, synthetic AMD was fed into the 6 bioreactors to a level of approximately 1 600 mL and the stopwatches were started. When the water level reached the sample level of 1 200 mL, the stopwatches were stopped and the time was recorded (falling head permeability test). 
RESULTS AND DISCUSSION
The results of the 6 experiments are shown in Fig. 4 . Manure and chicken litter were seen to clog the most rapidly, as seen in Graphs A and E, respectively. None of the other experiments clogged fully over the study period. All of the carbon sources, with the exception of the manure and chicken litter, had an establishment phase, where the initial reading of permeability varied with no obvious trend or pattern in the data. After the establishment phase, exponential trends started developing. These trends started to develop as the bioreactor started to clog. These exponential trends were mainly in the negative direction (clogging of the bioreactor), with the exception of the compost bioreactor. The final phase which was identified was the stabilisation phase. Four of the carbon sources (straw, compost, wood shavings and combination bioreactor) showed a clear stabilisation phase, whereby the permeability values continued to decrease but at a vastly reduced rate for the remainder of the experimental lifespan. This is key, as a relatively constant permeability is reached in the bioreactor; this stabilisation value would be the true permeability design value for the specific carbon source.
The effective porosities for each of the reactors is given in Table 1 . The manure and the combined sample had the largest decrease in effective porosity, indicating that these 2 reactors were precipitating the largest quantity of metals. This consideration of this data with the permeability is important for considering which organic material to pack the reactor with -there is an interplay between clogging (indicating remediation) and permeability (indicating reduced effectiveness). The ideal reactor has lots of clogging but extended permeability. In Figure 5 , the results indicate that the compost and straw had the highest overall permeabilities; manure and the combined sample had the lowest. Although the combination bioreactor never fully clogged, it was only as permeable as its least permeable layer, manure.
The average permeabilities of the stabilisation phase for the bioreactor, which did not clog, was determined and can be seen in Figure 6 .
The compost bioreactor had the greatest permeability for the longest length of time and the combination bioreactor had the lowest. The stabilisation phase is of significance because it impacts the steady flow of AMD passing through the bioreactors. The polluted water needs to remain in and amongst the organic matter long enough for this reaction to take place, yet not too long as this increases the costs (a larger bioreactor will be needed to treat larger volumes of AMD). This stabilisation permeability can be used as the hydraulic design permeability of the bioreactor.
CONCLUSION
The chicken litter carbon source had the lowest permeability from the start of the experiment and completely clogged within 18 days of initiation of the experiment (which is why the data are excluded from Figs 5 and 6). It is therefore not recommended as a carbon source in the DPBR.
Manure showed the quickest establishment and started clogging from Day 2 of the experiment. This could be seen as both an advantage and disadvantage. The advantage lies in the fact that the bioreactor very rapidly establishes operating conditions and begins to precipitate metals. The disadvantage is the fact that the fast precipitation of metals clogs up the pores in the bioreactor, as can be seen by a 66% decrease in effective porosity. The manure was also 1 of 2 carbon sources which fully clogged on Day 38 of the experiment.
The straw, compost, wood shavings and combination bioreactors all seemed to stabilise at a certain point in time and a further decrease in permeability occurred at a slow rate thereafter. All 4 reactors stabilised at different times during the experiment, with the straw bioreactor stabilising the quickest and the wood shavings and compost bioreactors taking the longest. This stabilisation permeability can be used as the hydraulic design permeability of the bioreactor.
In the combination reactor, all of the 5 constituent carbon sources, found in equal layers within the bioreactor, seemed to average out the different behaviours of the different bioreactors. The overall permeability of the combination bioreactor was as permeable as its lowest permeable layer, manure. The combination bioreactor's permeability closely followed the manure's permeability graph, with a decrease in effective porosity of 70%. However, the combination bioreactor did not clog over the experimental lifespan. Hydraulically, this bioreactor seemed to be the best performing reactor; it never fully clogged and the AMD moved through the bioreactor at a constant rate.
Further research could explore different thicknesses, combinations and mixtures of specific carbon sources to attain the desired hydraulic parameters within the bioreactor. By 
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varying the thickness, combinations and mixtures, hydraulic attributes could be designed into the system. It is also possible to include a non-degrading packing material to enhance permeability as the packing degrades. This was, however, not considered within the scope of this project.
The hydraulic parameters described in this paper also need to be considered in the context of the microbiology and chemistry of the system. The rates of metal precipitation and sulfate removal need to be assessed and considered at the same time as the permeability of the DPBR. This is the subject of current research.
